Silver smelting with the addition of lead was adopted to the lead-poor silver sulfide ore at Iwami in 1533. Rapid increase in silver production occurred through the spread of the new technology from Iwami to Sado, then to rich silver mines in northeastern Japan.
Introduction
Nihonshoki (the History of Japan) recorded that the first silver production in Japan was in 674 from Tsushima Island. There is argentiferous galena veins in Tsushima and ancient silver would have been derived by cupellation of this lead, which contained 0.2% Ag, though no archaeological study was done. In those days China (the Tang dynasty) increased silver production 1) suggesting the spread of cupellation and Japan probably received the knowledge from China.
The sharp increase in silver production occurred in Japan from the middle of the 16th century. This happened after a new technology was adopted in Japan. The new method was the external lead addition to lead poor silver-sulfide ores in smelting. This paper presents some evidences of development of the silver smelting process using analysis of leadsilver smelting slag.
Samples and Analytical Methods
Lead-silver slag samples were collected from one argentiferous galena mine and four silver mines developed mainly in the late 16th and early 17th centuries. Representative slag for each mine was selected (Fig. 1) .
The chemical compositions of slag samples were determined at Kyushu University. with a Rigaku RIX 3100 X-ray fluorescence spectrometer (XRF), using pressed powder pellets. The constituent minerals of slag were examined using a Rigaku RINT 2000 X-ray diffractometer (XRD) with a Cu target.
0511-2b (Kuki): The mining activity in the Kuki area started in the middle of the 16th century. This mine produced argentiferous galena ore, and is supposed to be the major source of lead supplied to the Iwami silver mine for silver ore smelting. Several furnace-like bowls in the ground were found in 2011 at Tokoya area in Kuki. Slags were collected from the area, where is the smelting site presumably of the 16th century.
TR-6 (Sado): The Sado mine was the largest gold-silver producer during the Edo-period in Japan and is located in the Sado Island in northern Japan Sea (Fig. 2) . The mine began the silver-production in 1542 at the Tsurushi area. Recenty archaeological study was started at the early mining site in Tsurushi by the Sado City Board of Education.
2) Several slag samples were unearthed with fragments of pottery showing the age of around 1600. The size of six slag samples examined is small and ranges 2 to 6 cm diameter and weighs 6 to 110 g. Two slag samples have a platy shape of several mm thick. The analyzed sample TR-6 is massive, compact and 110 g in weight, and has strong magnetism. NB-9 (Nobesawa): The Nobesawa mine was a short-lived rich-silver mine in the early to middle 17th century.
3) The mine lies in northeastern Japan. The slag samples were collected by Mr. Makoto Orui of the Obanazawa City Board of Education from the surface of the eastern area of the mine, where mining was done mainly in 1650's to 1660's. The size of eighteen slag samples examined is small and ranges 1 to 5.5 cm diameter and weighs 3 to 100 g. Some have a platy shape of several mm thick. The analyzed sample NB-9 is massive with pores at the surface and 77 g in weight, and has moderate magnetism. The slag contains several fragments of siliceous ore (about 1 cm diameter) suggesting the size of ores smelted.
TG-1 (Taniguchi): The Taniguchi mine is located 40 km north of Nobesawa. Many fragments of slag are scattered in the grassy ground (so-called the smelting site) along a river. The mining activity seems to begin in the early 17th century 3) and small scale mining continued through the Edoperiod. Consequently, the slag samples collected may be the products in the late Edo-period. The size of two slag samples collected is rather large (more than 10 cm in diameter and 196 and 277 g in weight). The analyzed sample TG-1 is 196 g in weight, massive, porous and contains charcoal fragments. It has strong magnetism.
IN-2 (In-nai): The In-nai mine was one of the major silver mine in Japan from 1607 3) to 1920. The mine lies 15 km north of Taniguchi. The remnants of the early mining activity including slags were covered by materials of the modern mining activity. The samples of supposedly pre-modern slag were collected from the graveyard of a temple, where a large amount of slag was used as land adjustment. The analysed and was probably formed in the late Edo-period.
Chemistry and Mineralogy of Lead-silver Slag
Chemical compositions of slag show the characteristics of high silver (0.03-0.2%) and high lead (0.5-6%) contents indicating the existence of molten argentiferous lead with slag ( Table 1) .
The Sado epithermal gold-silver veins consist mainly of quartz with adularia (KAlSi 3 O 8 ). Silver minerals are argentite and electrum with minor pyrargyrite and polybasite. 4) Sulfide minerals of base metals are minor constituents except chalcopyrite. The high lead content therefore indicates the addition of external lead (or galena) in the smelting process. Low silica of slag indicates the concentration process of grinding and washing to obtain the silver minerals of high specific gravity. Also high iron content might be resulted from addition of iron oxides in the smelting process in order to reduce the melting temperature of slag.
The Nobesawa, Taniguch and In-nai silver deposits are epithermal polymetallic vein type deposits in Neogene volcanic rocks and have a similarity in mineralogical characteristics except for manganese minerals in In-nai. Ore minerals of In-nai veins are argentite, pyrargyrite and stephanite with galena, sphalerite pyrite and chalcopyrite. 4) Associated gangue minerals are quartz, rhodonite, rhodocrosite and calcite. The high manganese content of the In-nai slag is derived from abundant manganese minerals in the ore.
The major constituent mineral of slag from three mines is fayalite, which contains calcium in case of Nobesawa and Taniguchi, and manganese in case of In-nai. Potash is accommodated in leucite or in glass.
Silver Content in Lead and Smelting Methods
Silver is present in galena and the following sentence by Tylecote, 5) "a good deal of early silver was derived from the cupellation of lead", can be applied to silver production in ancient Japan. Silver was produced from the argentiferous galena veins in Tsushima intermittently from the 7th to the 13th century.
3) An archive of 1486 mentioned that more than 200 silver miners from Bungo area tried to work in Tsushima but a large amount of water prevented the operation.
3) Bungo is the old name of a province in north central Kyushu, where argentiferous galena veins occur in the Obira area. Although the silver extraction method from galena ores in ancient to medieval Japan is not known, only possible technique should be cupellation from lead, which was produced from argentiferous galena ores.
The amounts of silver in lead from Japanese galena ores are recorded by Gowland 6) as follows, 0.003-0.004% in poor lead and 0.32-0.45% in richer lead. In general lead produced from galena ores contains about 0.2% Ag. These silver contents in galena are the same level as those from other lead deposits in the world. The silver contents in Tsushima lead and Lavrion lead are 0.19 and 0.20% as shown in Table 2 .
Beside argentiferous galena ores, silver sulfide ores are another kind of silver sources. In order to smelt silver sulfide ores an addition of lead (metal, galena or litharge) is neccesary. Lead collects silver effectively in the molten state during smelting. Silver is extracted from the resulted argentiferous lead using cupellation.
The beginning of silver extraction with external lead is 10) of 1061 describes a smelting method of argentiferous copper ores with the addition of external lead, but the date of silver ore smelting with lead addition in China was not clear.
In 1533 the Iwami silver mine produced silver from leadpoor silver sulfide ores with the addition of lead for the first time in Japan. Kobata 3) evaluated this as an epoch-making event in the mining history in early modern Japan. The cupellation process was also renovated with a Korean technique using an iron pot furnace. 11) There are many silver rich sulfide deposits in northeast Japan such as Sado (Tsurushi and Aikawa), In-nai, Nobesawa, Taniguchi and others (Fig. 2) . Lead content in the ore is poor in terms of lead:silver ratio (Table 2 ) and therefore ore was smelted with additonal lead. The lead:silver ratio decreased in the slag formed from smelting of argentiferous galena in compared with that in original ores. By contrast, the lead:silver ratio of slag formed from the new smelting process shows lead-rich composition as compared to the original ore ( Table 3) .
Conclusions
Silver smelting with the addition of lead was adopted to the lead-poor silver sulfide ore at Iwami in 1533. Rapid increase in silver production occurred through the spread of the new technology from Iwami to Sado, then to rich silver mines in northeastern Japan. 
